The contribution of falling precipitation to thunderstorm electrification is examined from an energy standpoint by means of radar measurements of precipitation. The gravitational power associated with falling precipitation is compared with estimates of the thunderstorm electrical output as a test of a causal relationship between these two quantities. The relative importance of the gravitational and electrical forces acting on precipitation particles is investigated by monitoring the stability of particle vertical motions to lightning-associated changes in electric field. The general absence of abrupt particle velocity changes is difficult to reconcile with the gravitational power determinations in electrically active storms unless the electrical energy contribution from convective motions is substantial.
INTRODUCTION
The electrical energy of thunderstorms is a result of the motion of charged particles against the local electric field. A specification of the nature of these particles is still unavailable, and the relative importance of precipitation and convection has yet to be quantified. The classical precipitation hypothesis (described in Mason [1971] ) maintains that electrical energy results from the gravitational sedimentation of selectively charged precipitation particles, but with the exception of recent small scale measurements [Rust and Moore, 1974 ; Gaskellet al., 1978; Christian et al., 1980; Marshall and Winn, 1982] this hypothesis has not been tested. New approaches to quantifying the contribution of precipitation to electrification are afforded by meteorological radar, and are the subject of this paper.
Section 2 is concerned with the gravitational energy of thunderstorm precipitation which is available for electrification and with predictions for particle electric charge and terminal velocity when precipitation particles are falling with maximum efficiency. Incoherent radar measurements of precipitation-associated gravitational power and simultaneous estimates of electrical power in thunderstorms are presented in section 3, as one test of the precipitation hypothesis. These comparisons lead to the expectation that precipitation particle motions will be modified by electric forces if falling precipitation is the principal cause of electrification. A Doppler radar search for precipitation particle velocity changes at the time of nearby lightning discharges is described in section 4, as a complimentary test of the precipitation contribution.
An upper limit to the steady state electrical power available from any precipitation mechanism is MgV, where M is the total precipitation mass, g is the acceleration due to gravity, and V is the effective terminal fall velocity; this quantity is simply the rate at which the gravitational potential energy of precipitation is given up. Not all the available gravitational power may be converted to electrical power, but a realizable bound for electrical power may be determined by maximizing the current contributions of charged particles falling in local 
where r is the particle radius, Pa is the air density, v is the kinematic viscosity of air, and x is an empirical parameter dependent on the Q number (the quantity in brackets on the right hand side of equation (1)). This expression for particle velocity may be simplified considerably by comparing electrical and gravitational forces and nondimensionalizing the electric charge qE qE q* _ _
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If the charge free terminal velocity, Vo, is approximated as being independent of nondimensional charge q* in view of the weak dependence of the empirical parameters x and Q, a simplified expression for velocity is obtained
The current contribution, I, of this falling particle is the product of charge and velocity I = q*V = Voq*(1 -q,)O.8
The electrical power will be greatest for any vertical electric field when this current contribution is maximized with respect to the nondimensional charge q*. Solving for the optimum charge yields a value which is 56% of the balance charge and substitution in the velocity equation (1) shows that optimally charged particles will fall at about 52% of their charge-free terminal velocities.
The maximum fraction of gravitational potential energy which may be delivered as electrical power may now be calculated. This fraction F is the ratio of electrical power qEV to available power, MgVo. A maximum 29% of the gravitational potential energy of precipitation may be converted to electrical energy. A precipitation rate of 1 mm/hr corresponds to a gravitational power density of 2.7 x 10 -3 W/m 3. At a 29% conversion rate, we have a realizable limit on electrical power output of 7.9
x 10 -'• W/m 3 per mm/hr of precipitation rate. Since the electrically dissipative motions of the oppositely charged cloud particles have been ignored in this calculation, and since horizontal electric fields in which charged precipitation particle motion is also dissipative have not been treated, the bound just stated is undoubtedly quite conservative. As it stands, this result is a more severe constraint by a factor of three than the original estimate by Latham [1971] The efficiency in Table 1 is calculated as the ratio of the electrical power density to the precipitation rate (gravitational power density). These efficiency estimates are probably all exaggerated since in most cases only the highly charged particles were detected electrically and counted in the determination of local precipitation rate. In all cases, the maximum local efficiencies are more than an order of magnitude smaller than the theoretical limit of 29%.
INCOHERENT RADAR MEASUREMENTS OF GRAVITATIONAL POWER
The energy bounds on precipitation mechanisms derived in the previous section motivated a large-scale comparison between like parameters in actual thunderstorms. We sought to determine whether the available gravitational power associated with precipitation could adequately account for the observed electrification in all storms.
3.1. Methodology. The gravitational power estimates were derived from three-dimensional radar reflectivity data.
Empirical relationships were used to convert reflectivity values to local precipitation rates. Table 2 shows reflectivity dBZ values, rainfall rates (R), gravitational power densities and precipitation water contents (M), for Z-R and Z-M relationships which we have used and which were used in a prior study of New England thunderstorm total water contents [Geotis, 1971] . Reflectivity corrections for the existence of ice above 4 km were implemented as in the latter study.
The majority of estimates of thunderstorm gravitational power were obtained from New England squall line observations with Massachusetts Institute of Technology (MIT) radar data. Radar reflectivity values were digitally recorded with 1 km spatial resolution and with estimated uncertainties in the 1-2 dB range. These data were used to evaluate the gravitational power within an arbitrary 10 km radius cylindrical volume centered on the electric field measurement location at Millstone Hill, Westford, Massachusetts. These results were later supplemented with radar data from Florida thunderstorms [Lherrnitte and in which the origin of the electrical activity was better specified. The precipitation rate is a mass flux, which when multiplied by g, the acceleration due to gravity, is a gravitational power density. These latter values were then integrated over the scanned storm volume to arrive at a total gravitational power. We estimate that gravitational power determinations are accurate to within a factor of 2-3.
The electrical outputs of the storms studied were estimated by counting lightning flashes, for lack of a more sophisticated procedure. Consistent with field change versus distance relationships resulting from earlier studies [Jacobson and Krider, 1976 The low flash rate storms tend to be widespread, shallow rain shower systems which produced occasional lightning. The high flash rate storms were of two types:frontal and air mass thunderstorms. For the low flash rate storms it is immediately apparent that the available gravitational power is more than adequate to account for their electrification. For increasingly active storms, the margin between electrical and gravitational power shrinks considerably. Noteworthy is the fact that a factor of 2 or 3 increase in available gravitational power (from the widespread rain shower systems to the active thunderstorms, for example) can result in an order of magnitude or more increase in electrical output.
The apparent global gravitational-to-electrical power efficiencies for three New England storms and one Florida storm are all a few percent or larger if a flash energy of 10 9 joules is assumed.
The gravitational power calculations were most reliably performed on the Florida storm data, in which specific electrical power-producing storm cells could be identified and evaluated. The calculations for New England squall lines included all radar reflectivity contributions within a 10 km radius cylindrical volume in which lightning flash rates were estimated from single station electric field data. Orville and Spencer [1979] , on the basis of satellite lightning observations, conclude that 1 flash/s in a 10 km x 10 km area is a reasonable value for an active squall line. Since the storm area over which we evaluated gravitational power (314 km 2) is more than 3 times this latter area, and because the reported flash rate of 1 s-• is 3 times larger than our largest estimates for New England (see Figure 1 ), it appears likely that apparent gravitational-to-electrical efficiencies are significantly larger than those recorded here.
Gravitational power values at times of maximum flash rate are plotted in Figure 1 . Seldom do the times of peak flash rate and peak gravitational power coincide, and the temporal evolutions of these quantities are poorly correlated. This assertion is illustrated in Figure 2 , where the evolution of these parameters is plotted for the August 13, 1978, Florida thunderstorm, which has also been the subject of another study [Lherrnitte and Krehbiel, 1979] . In fact, the peak discharge rate at 1908 GMT is anticorrelated with total gravitational power.
To test the idea that a precipitation charging mechanism involving the ice phase is responsible for the electrification, the gravitational power above the altitude of 6 km has also been plotted in Figure 2 . This quantity is well correlated with the electrical output, particularly at the time of the dramatic onset in discharge rate when both quantities increase by large factors. It is possible that the ice phase is playing a major role in the electrification or, alternatively, that the vigorous vertical air motion observed simultaneously by Doppler radar [Lhermitre and Krehbiel, 1979] is responsible for both the electrification and the rapid growth of precipitation particles at higher levels through accretion of supercooled water droplets.
These hypotheses may be tested further by examining the distribution of gravitational power with height in the storm. 
DOPPLER RADAR SEARCH FOR PRECIPITATION PARTICLE VELOCITY CHANGES
The measurements discussed in the preceding section indicate that depending on the energy per lightning flash, the estimated electrical power in active thunderstorms is an appreciable fraction of the gravitational power associated with precipitation. If the bulk of the electrical energy in thunderstorms results from gravity-driven precipitation, one may conclude immediately that the electrical and gravitational forces acting on the particles in question will be of comparable magnitude. Equivalently, one may conclude that the terminal velocities of precipitation particles will be modified appreciably by electrical forces, following the discussion in section 2.1. Notwithstanding this energy argument, it is the prediction of currently popular precipitation charging mechanisms that electrical modifications in particle velocities will occur. Theoretical modeling of the induction charging mechanism have led to conclusions that "electrical forces in the cloud decrease the fall velocities of hydrometeors to a point at which ... precipitation is suppressed" [Levin and Ziv, 1974] , and that rain particle terminal velocities can "decrease by a few meters per second in a region when the electric field strength grows beyond 2 x 105 or 3 x 105 v/m" [Chiu, 1978] . lllingworth and Latham [1977] conclude that substantial velocity modifications will occur for both the induction mechanism and the ice-ice charging mechanism in the high field regions of thun- The operating characteristics of these radars and a summary of data aquisition procedure are included in Table 3 .
During 1979, only a single radar range gate was available, situated at 6.8 km MSL in a region thought to be of impor- The upward mean velocity shown in Figure 4 suggests a case of particle levitation in a strong predischarge electric field which ends abruptly at the time of the discharge, thereby allowing the particles to move downward. The post discharge (downward) vertical velocity is consistent with the terminal velocity of precipitation particles in the form of graupel or small size hail, which suggests that vertical air velocity is not significant in the storm at this time. The fact that upward velocity is observed prior to the discharge suggests that the electrical forces exceed the gravitational forces acting on the particles. Equation (1) and reasonable assumptions about the magnitude of the field in the cloud lead to the conclusion that the precipitation particle charges at the time of the discharge were several hundred picocoulombs. The net particle motion appears to be electric field-driven just prior to the discharge and therefore cannot be contributing to the accumulation of electrostatic energy. It is, however, quite possible that gravitydriven generative motion was occurring prior to the onset of levitation, as well as following the discharge.
A rather large field change (•-, 17 kV/m) was recorded near the radar for this discharge. To confirm further the proximity of the discharge to the radar range gate overhead, acoustic reconstructions of the thunder sources were examined for this event. The acoustic source heights clustered in altitude near the range gate, and the nearest identifiable source was displaced horizontally only 1500 m from the range gate. to the discharge and then approach the ground at the combined downdraft-terminal velocity of 9 m/s when the field collapses.
A downdraft need not be invoked to explain the smaller velocity increases in the adjacent gates 24 and 26 and in such a case it is possible that these targets are falling against the predischarge electric field. Following the derivation in section 2.1, an upper bound on the rate of generation of electrical energy in each of these gates is (0.29)MgV where M is the precipitation mass per unit volume, g is the acceleration due to gravity, and V is the zero-field terminal velocity of the particles.
In gate 25 the particles were constrained to be field driven against gravity, and thus the predischarge electric force exceeds the gravitational force acting on these particles. Recalling again the arguments in section 2.1, a lower bound on the rate of dissipation of electrical energy (pEV) is therefore MgV, where V is the field-driven velocity with respect to still air.
Since A noticeable general feature of Figure 6 is the tendency for the standard deviation of the mean Doppler velocity estimate to be larger prior to the discharge than following it. This behavior may be attributed to either rapid fluctuations in the electric field prior to the discharge, or to an electric field broadening of the Doppler spectrum. If electric forces contribute significantly to the individual particle velocities, it is possible that in certain circumstances an increase in velocity spectral width will result when the electric field increases prior to a discharge.
Doppler spectra at vertical incidence recorded during 39 triggered lightning events within 50 m of the radar were not modified perceptibly. These discharges were often triggered during periods when natural lightning was entirely absent, and so it is possible that the electric field in the clouds overhead was less than that necessary for natural dielectric breakdown. Doppler effects attributed to the lightning plasma at these times were observed, and are reported elsewhere [Lhermitte, 1982] .
Thunderstorms which were displaced from the mountaintop observatory were observed occasionally (,--2 hours total observation time) with a fixed horizontal beam. No sudden changes in horizontal motion were detected at the time of lightning discharge.
DIscussioN
The conclusions drawn from the results of the radar measurements depend critically on the energy transferred in a lightning flash, and this topic deserves some discussion. Hill [1977, 1979] The inclusion of the lightning contribution alone in thunderstorm electrical power will make the latter estimate conservative, but probably not grossly so.
With a lightning flash energy of 109 joules, the estimated steady state electrical power for weakly electrified rain shower systems and some thunderstorms is as much as 2 orders of magnitude less than the gravitational power associated with precipitation. In such cases, energy conservation places no measurable constraint on the contribution of precipitation to electrification. That is to say that falling precipitation could account for all of the electrical energy and yet experience vertical velocity changes of only a few centimeters per second in response to lightning discharges. Because such velocity changes are very small in comparison with the width of the Doppler spectrum and with the standard deviation of the mean Doppler estimate at vertical incidence, these changes will not be detected in the experiment described.
Another set of thunderstorms in Figure 1 exhibited electrical power which was a substantial fraction of the available power associated with falling precipitation. For a flash energy of 109 joules, the apparent global gravitational-to-electrical efficiency is several percent. This efficiency is an order of magnitude greater than the small-scale estimates (Table 1) , but by itself, this result still allows the possibility that all the electrical energy is derived from falling precipitation. If the estimated efficiency were uniformly distributed throughout the precipitation volume, the ratio of electrical to gravitational force and the fractional velocity modification would likewise be of the order of a few percent (recall equation (6)) and any velocity changes would be below the level of Doppler radar detection (,--1 m/s).
On the other hand, regardless of the origin of electrical energy, there is no reason whatever to believe that the energy efficiency will be uniform throughout the volume of the cloud. Currently popular precipitation charging mechanisms are believed to operate most effectively in very specific altitude intervals [e.g., Latham, 1981] . Furthermore, data presented in this paper (Figure 3) indicate a close association between strong electrification and the existence of precipitation at upper levels in thunderstorms. If this precipitation is indeed the principal cause for the electrification, readily detectable velocity changes (several m/s) should occur frequently, since the gravitational power associated with precipitation at high levels is a small fraction of that for the entire storm (Figure 3) . Very infrequent velocity changes were observed at high levels, but do not support the view that precipitation motions were responsible for pre-discharge accumulation of electrostatic energy.
The discussion thus far has focused on the energy adequacy of precipitation in accounting for electrification in the absence of detectable Doppler velocity changes. An alternative possibility is that the bulk of the electric charge in thunderstorms exists as ions, or resides on cloud droplets and ice crystals, which are not "seen" by centimetric radar, but which may be transported by air motions to generate electrical energy.
CONCLUSIONS

